The effect of silica nanoparticles on the rheological characteristics of water-in-heavy oil emulsions has been investigated. Enhanced oil recovery methods for heavy oil production (most especially, thermal fluid injection) usually result in the formation of water-in-oil (W/O) emulsion. In reality, the emulsion produced also contains some fine solid mineral particles such as silica, which, depending on its quantity, may alter the viscosity and/or rheological properties of the fluid. A series of binary-component emulsions were separately prepared by dispersing silica nanoparticles [phase fraction, β s , = 0.5%-5.75% (wt/v)] in heavy oil (S/O suspension) and by dispersing water [water cut, θ w = 10%-53% (v/v)] in heavy oil (W/O emulsion). Ternary-component emulsions comprising heavy oil, water droplets and suspended silica nanoparticles (S/W/O) were also prepared with similar ranges of θ w and β s . The viscosity was measured at different shear rates (5.1-1021.4 s −1 ) and temperatures (30-70 °C). Both binary-component and ternary-component emulsion systems were observed to exhibit non-Newtonian shear thinning behaviour. The viscosity of the heavy oil and W/O emulsions increased in the presence of silica nanoparticles. The effect was, however, less significant below β s = 2% (wt/v). Moreover, a generalized correlation has been proposed to predict the viscosity of both binary-component and ternary-component emulsions.
Introduction
An emulsion is basically a binary-component liquid-liquid system in which droplets of one liquid are dispersed in the other (Fakoya and Ahmed 2018) . It is referred to as a colloidal suspension when solid particles are dispersed in the liquid phase. Emulsions are frequently encountered during petroleum recovery, production, separation and transportation operations (Martinez-Palou et al. 2015; Wong et al. 2015; Wen et al. 2016; Zadymova et al. 2017; Perazzo et al. 2018) . The phenomenon has therefore received significant attention due to its technical and economic importance (Wong et al. 2015; Alade et al. 2016a, b, c; Zadymova et al. 2017; Perazzo et al. 2018) .
Essentially, within the reservoir or at the surface, the formation of emulsions is triggered by an energy input, which is traditionally supplied through shaking, stirring or some other kinds of intensive dynamic and/or static mixing forces. The process is usually aided by the presence of surface-active substances (such as synthetic chemical surfactant, natural hydrocarbon surfactant: asphaltene and resins and solid mineral particles) that contribute to stabilizing the particles of the dispersed phase (Clausse et al. 2005; Martinez-Palou et al. 2011 Wong et al. 2015; Wen et al. 2016; Alade et al. 2016a, b; Kumar and Mahto 2017) .
The popularly reported types of emulsions encountered in the petroleum industry include the binary-component waterin-oil (W/O) and oil-in-water (O/W) emulsions (Martinez-Palou et al. 2011; Pal 2011; Balsamo et al. 2014; Sefton and Sinton 2010; Mandal and Bera 2015; Alade et al. 2016a; Zadymova et al. 2017; Kumar and Mahto 2017) . Several studies have been carried out on these types of emulsions.
Some of these include the study of formation and separation mechanisms (Kuo and Lee 2010; Fortuny et al. 2007; Fingas and Fieldhouse 2014; Martinez-Palou et al. 2015) , interfacial behaviour (Sjoblom et al. 2003; Yarranton et al. 2007; Dehghan et al. 2015; Schulz et al. 2016 ) and pipeline transportation (Langevin et al. 2004; Salager et al. 2001; Martinez-Palou et al. 2011; Al-Yaari et al. 2014; Malkin et al. 2017; Kumar and Mahto 2017) .
Certain operations, most especially thermal fluid injections during the enhanced recovery of heavy oil, commonly result in the formation of a W/O emulsion which exhibits higher viscosity than the original oil (Sefton and Sinton 2010; Mandal and Bera 2015) . Furthermore, in a loose sandstone heavy oil reservoir, as a result of the higher density and viscosity of heavy oil (Xie et al. 2014) , sand particles may be released by colloidal forces or mobilized by hydrodynamic shear of the fluid flowing through porous media. Similarly, during secondary and enhanced oil recovery operations including water flooding, injection of chemicals or surfactant slug and nanofluid injection, complex emulsions may be formed, comprising more than two components, in the wellbore and the production line. Such occasions, as reported by Jamaluddin and Bowen (1994) , may occur during the downhole emulsification for heavy oil production by alkaline/surfactant flooding. Therefore, it often occurs in reality that the produced W/O emulsion contains solid particles, which may significantly affect the rheological characteristics of the fluid depending on the volume fraction present (Pal et al. 1992; Jamaluddin and Bowen 1994; Maria and Ilyin 2018) .
Although there are many studies of the viscosity and/ or rheological characteristics and modelling of the binarycomponent emulsions (Pal and Rhodes 1989; Jamaluddin and Bowen 1994; Tadros 1994; Aomari et al. 1998; Pal 2001; Johnson and Ronningsen 2003; Luo and Gu 2007; Sefton and Sinton 2010; Schuch et al. 2013; Pal 2014; Mandal and Bera 2015) , similar investigations into rheological characteristics of ternary-component emulsions, comprising heavy oil-water with added solids, have been rarely reported. Nonetheless, the only known viscosity function for the ternary-component emulsion (water-in-oil emulsion with clay particles) was proposed by Pal et al. (1992) .
The motivation for the present study is primarily informed by the importance of silica as a component of the reservoir rocks (Liu et al. 2012; Youssif et al. 2018 ) and the tendency of the heavy oil emulsion to get contaminated with such particles. More so, as stated by Youssif et al. (2018) , close to 100% of silica nanoparticles used in nanofluid-enhanced oil recovery are silicon dioxide, which is the main component of sandstones. Furthermore, depending on the methods of extraction, it has been observed (Maria and Ilyin 2018 ) that heavy crude oil may contain some quantity of mechanical admixtures of solids such as clay and silica. As earlier stated, these solid particles may either stabilize the emulsion or increase its viscosity (Pal et al. 1992; Maria and Ilyin 2018) .
Therefore, in this work, a series of binary-component and ternary-component emulsions were studied to quantify the effect of silica nanoparticles on the viscosity. Ultimately, an empirical model was proposed to predict the rheological characteristics of both binary-and ternary-component emulsion systems under specified conditions.
Brief review of viscosity models for two-component emulsion systems
For reference purposes, a brief review of some of the earlier work on two-component emulsion viscosity functions is provided. The viscosity of a two-component suspension has been modelled by considering the fluid as a hypothetical one-phase (pseudo-homogeneous) system (Bird et al. 2007) . As expressed in Eq. 1, the viscosity of this type of system is usually expressed as a function of the volume/weight fraction of the dispersed phase (Soleymanzadeh et al. 2018) :
where μ eff is the effective viscosity of the pseudo-homogeneous fluid (emulsion), cP, and θ is the weight fraction of the dispersed phase (water or solids). The ratio of the effective viscosity of the emulsion to the viscosity of the continuous phase is the relative viscosity (ŋ)-Eq. 2:
In pioneering this concept, Einstein (1956) developed an empirical model (Eq. 3) for an infinitely dilute suspension of spheres, whereby the particle-particle interaction is assumed negligible. In other words, the movement of one sphere within the fluid does not influence the fluid flow in the neighbourhood of any other spheres. Given a colloidal suspension with the viscosity of the continuous phase µ o , the Einstein function is expressed as:
The Einstein equation is valid at very low θ (< 0.1). The modifications that followed this function considered an analogue derivation by replacing the shape constant (2/5) in the Einstein equation with different coefficients for dilute suspensions of particles of various shapes. Such functions include the Sherman polynomial equation-Eq. 4 (Sherman 1968 ), for emulsions with finite concentration:
where a, b and c are the empirical parameters.
(1) eff = ( )
Another function developed by Taylor (1932) for dilute emulsions or suspensions of tiny droplets assumed that the suspended materials undergo an internal circulation without deforming their spherical shape. The Taylor function for twocomponent suspensions with the viscosity of the dispersed phase µ i and that of the continuous phase µ o is given in Eq. 5:
For concentrated suspensions (θ > 5%), a complex fluid tends to exhibit non-Newtonian characteristics. Thus, functions such as the Mooney semiempirical equation-Eq. 6 (Mooney 1952) , have been used to predict the viscosity:
The empirical constant c has been reported between 0.52 and 0.74.
Equation 7 is the Eilers function which was developed by Eilers (1941) to fit the viscosity of bitumen emulsions.
Another equation for the viscosity of concentrated binarycomponent systems is the modification proposed by Pal (1998) . This function (Eq. 8) is a form of generalized Roscoe function-Eq. 9 (Roscoe 1952) .
where v is an empirical parameter.
Detailed discussion about other functions for two-component dispersion systems is available elsewhere in the literature (Bird et al. 2007; Soleymanzadeh et al. 2018) . Specifically, for heavy oil emulsions, Eqs. 6, 7 and 9 have been employed by Luo and Gu (2007) and Sefton and Sinton (2010) , to fit the viscosity data for heavy oil-asphaltene suspensions and water-in-heavy oil emulsions, respectively. In this work, another viscosity function which is a form of the Arrhenius equation (Eq. 10) is considered to describe the viscosity of two-component heavy oil emulsions/suspensions.
where α and β are the empirical parameters. The modified form of Eq. 6 which was proposed by Pal et al. (1992) to predict the viscosity of a complex ternarycomponent water-in-oil emulsion with added clay particles is given as follows (Eq. 11):
where the fraction of the dispersed water ( ) ranges from 0% to 60%; µ swo and µ so are the viscosities of the ternarycomponent and binary-component systems, respectively, cP; and ̇ is the shear rate, s −1 .
However, this function requires that the viscosity of the binary-component system is known in order to predict the ternary-component system. Moreover, the ranges of shear rates and the temperature were not clear.
Materials and methodology

Materials
The physical properties of a heavy oil sample used are given in Table 1 . Silicon dioxide (SiO 2 ) nanopowder (10-20 nm particle size), with molecular weight of 60.08 g/mol and density of 2.2-2.6 g/mol at 25 °C, was supplied by Aldrich and used without wettability modification. Distilled water was used as the aqueous phase.
Methodology
Preparation of heavy oil emulsion/suspension mixtures
A series of binary-component systems (i) heavy oil-silica nanoparticle suspensions-S/O and (ii) water-in-heavy oil emulsions (W/O) and ternary-component systems (admixture of heavy oil, silica and water-S/W/O) were prepared for this study. Heavy oil-silica suspensions were prepared by mixing silica powder with the crude oil at weight fractions (β s ) of 0.5%-5.75% (wt/v). Water-in-oil emulsions with 10%-53% (v/v) water cut ( w ) were prepared by mixing water with heavy oil without adding a chemical surfactant. The ternary-component systems comprising the heavy oil-silica suspensions (weight fraction 0.5%-5.5% (wt/v)) with added water fractions (10%-53% (v/v)) were also prepared by mixing water with the oil-silica-based system also without a surfactant. 
Viscosity tests
Viscosity of the systems was measured using an Ofite viscometer (Model 900, OFI Testing Equipment Inc., Houston Texas, USA) which is a type of Couette coaxial cylindrical and rotational viscometer. The instrument was regularly calibrated before each test and was interfaced with a computer for data collection. About 160 mL of dispersion sample was used for each test run. The viscometer was set to precondition the sample by homogenizing it at a speed of 300 rpm and 30 °C for 5 min. The viscometer was operated at low shear rate of 5.1 s −1 to high shear rate of 1021.4 s −1 at 30-70 °C and was also set to repeat the test from high to low shear rate, accordingly.
Viscosity and bulk rheological modelling
In order to provide a basis for the bulk rheological model for ternary-component systems, experimental data obtained from the binary-component systems (heavy oil-silica nanoparticle suspension and water-in-heavy oil emulsion) were first fitted to the selected equations from the viscosity functions earlier discussed (Eqs. 6, 7, 8 and 10), at different temperatures and shear rates. Subsequently, the Arrhenius function (Eq. 10) was expanded (to accommodate temperature) and was combined with the power law function to model the rheology of the three-component systems. Generally, for fluid rheology, the power law for the non-Newtonian fluids (de Waele 1923; Ostwald 1925 ) is expressed as given in Eq. 12.
where K is the flow consistency index, mPa s n ; n is the flow behaviour index; dv x dy is velocity gradient, s −1 ; and a is the apparent viscosity, mPa s.
K can be expressed in the form of the Arrhenius function (Eq. 10). Then, the calculated K from Eq. 12 was fitted to the function presented in Eq. 13.
where k 0 is the pre-exponential factor of flow consistency index, mPa s n ; , and are the empirical coefficients; T e is the shearing temperature of emulsion, °C; β s is the weight fraction of silica nanoparticles, % (wt/v); and w is water fractions, % (v/v).
Equations 12 and 13 are then combined to predict the viscosity of the binary-component and the ternary-component systems (Eq. 14) .
Statistical error analysis
The accuracy of the viscosity function was evaluated by examining the following statistical parameters:
where N d is the number of data; exp is the experimental viscosity, cP; cal is the calculated viscosity, cP; mean is the mean value of viscosity; ARE% is the average percentage relative error; AARE% is the average of the absolute values of the relative error; SAR is the sum of absolute of residuals; and R 2 is the coefficient determination. The average percentage relative error (ARE) is a measure of the bias of the model, while the arithmetic average of the absolute values of the relative errors (AARE) is an indication of the accuracy of the model. Low values of AARE show better correlation and lower errors for predicted values of viscosity using the models. The coefficient of determination (R 2 ) is a measure of the precision of fit of the data. The maximum value of the R 2 is unity; and a high value indicates a high degree of agreement between the experimental and predicted viscosities.
Particle size of water droplets in emulsions
The particle size of water droplets in emulsions was analysed using an optical/video microscopy method with an LCD digital microscope (Penta View Model 44348) with the objective lens: 10/0.25 and 160/0.17. A drop of the sample was carefully put on the glass microscope slide (size 25.4 mm × 76.2 mm and 1.0-1.2 mm thickness) and immediately covered with a cover glass (18 mm × 18 mm and 0.13-0.17 mm thickness). The particle size was then determined using ImageJ TM software, following the image enhancement procedure as presented elsewhere (Alade et al. 2016b ). The average diameter
of particles in emulsions was estimated using volume mean diameter (d v ) as:
where d v is the size of particles in an emulsion, µm, and d i is the diameter of the ith particle, µm. The particle size distribution was expressed by the probability density distribution function (PDF)-lognormal distribution function:
where σ and ω denote the variance and mean, respectively.
Results and discussion
Emulsion morphology
The photomicrographic images of two-component emulsions are presented in Fig. 1. Figure 1a shows silica nanoparticles suspended in the oil phase, while Fig. 1b-d shows water
droplets dispersed in the oil phase. The images show that the emulsion formed was a water-in-oil (W/O) type. In addition, Fig. 1b-d shows that the size population of water droplets in the continuous oil phase increased as the water fraction increased. This is expected since the volume fraction or concentration of water in the oil phase increases. Sefton and Sinton (2010) have reported a similar observation. This observation is further corroborated in Fig. 2 , which shows that the average size of the particles in the emulsion increased from 17 µm to 67 µm as the water fraction increased from ≈ 10% to 53% (v/v), respectively. The sedimentation (creaming rate) of the petroleum emulsion under gravitational forces is a function of several factors including the density difference of the dispersed and aqueous phases, the droplet size and the rheology of the continuous phase. The hydrodynamic and colloidal interactions between droplets, the physical state of the dispersed or aqueous phase, the electrical charges on the droplets and the nature of the interfacial membrane (Fingas 2005) also influence this sedimentation rate. Thus, concerning the present observation, under similar conditions of formation and destabilization, it could be suggested that the emulsion with a bigger particle size would have a lower kinetic stability. 
Effects of weight fraction of silica particles and water cut on viscosity of the binary-component systems
The viscosity-shear rate profile of the binary-component S/O suspension is compared with that of original oil at different temperatures in Fig. 3 . It can be observed from the figure that the original oil and the S/O suspension exhibit shear thinning (pseudo-plastic) non-Newtonian behaviour regardless of the silica content. This behaviour is, however, more observable at lower shear rates (5.1-170 s −1 ) compared to at higher shear rates (200-1021.4 s −1 ). This observation is due to higher homogenization of the particles of suspended solids at high shear rates. In addition, as expected, the viscosity of the oil reduced as the temperature increased from 30 to 70 °C. Viscosity shear is known to be significant at low temperatures and shear rates (Sefton and Sinton 2010; Alade et al. 2016a, b) . Moreover, it can also be observed from the figure that the viscosity of the original heavy oil increased significantly as the silica content increased from 2% to 5.75% (wt/v). However, at the phase fraction of 0.5% (wt/v) there was no significant increase in the viscosity of the original oil. At 30 °C and 5.1 s −1 , the viscosity of the original oil increased from 233 to 236 cP due to the presence of 0.5% (wt/v) silica (the relative viscosity ƞ ≈ 1.01); however, the viscosity of the oil containing 5.75% (wt/v) silica was measured as 522 cP (ƞ ≈ 2.25) under similar conditions. Generally, it was observed in this investigation that the relative viscosity decreased with increasing shear rate.
Similarly, the viscosity profile of the original heavy oil and W/O emulsions is presented in Fig. 4 . As observed for the S/O system, the water cut increased the viscosity of the system. This is expected for typical water-continuous emulsions (W/O emulsions). The viscosity of the oil increased from 233 to 1353 cP (ƞ ≈ 5.8) due to the presence of 53% (v/v) water cut at 30 °C and 5.1 s −1 . The W/O emulsions were also observed to be shear thinning in nature within the operated shear rates and temperatures.
Two-phase viscosity functions
In order to establish a basis for the generalized viscosity function for the binary-component and ternary-component systems, the accuracy of the Arrhenius function (Eq. 10) was compared with other selected binary-component viscosity functions. Thus, the relative viscosity of S/O and W/O emulsions at low and high shear rates was fitted with the selected functions (Eqs. 6, 7 and 8) together with the Arrhenius function (Eq. 10) as presented in Figs. 5 and 6.
From Fig. 5 (S/O suspension), at a low shear rate (5.1 s −1 ), it can be observed that the fitted models including the proposed Arrhenius model provided a good fit (R 2 ≈ 0.99). However, it was also observed that the level of fit is relatively weak at a higher shear rate (1021.4 s −1 ). Except for the Arrhenius function (R 2 ≈ 0.93), other functions tested gave R 2 ≈ 0.88. This observation may be due to the fact that at high shear rates, the increased homogenization tends to make the relationship between the relative viscosity of the system and the corresponding phase fraction linear. This is also evident in the response of the viscosity of emulsion at higher shear rates.
In addition, from Fig. 6 , the selected functions (Eqs. 6, 7 and 8) as well as the Arrhenius function (Eq. 10) show good fitting of the relative viscosity data of W/O emulsions. Compared to S/O systems, the functions fitted adequately both at low and high shear rates. This observation may be due to higher concentration and the particle size of water dispersed in the oil compared to the silica particles.
The function constant, α, and the shape factor, β, are presented in Table 2 . It has been previously observed that such parameters may vary due to the type of the emulsion at hand (Pal 1998) . It has also been well established that the characteristics of dispersed systems such as emulsion and suspension are influenced by the morphology (particle size and distribution) which is directly influenced by several factors including properties of the components and the formation conditions. This might have caused the observed variations in the function parameters tabulated in the tables. Moreover, there is very scarce information on the viscosity function of the heavy oil emulsions.
However, using the Pal and Rhode function (Eq. 8) to fit the binary-component viscosity of heavy oil containing different asphaltene concentrations, it was reported by Luo and Gu (2007) that the parameters decreased with increasing temperature. It was also observed from this 
Effect of silica content on the viscosity of the ternary-phase system
Studies of viscosity response of petroleum fluids under different shearing conditions and temperatures find important applications in the production and flow assurance (Zhang et al. 2013; Kelesoglu et al. 2015) . Figure 7 is the plots of viscosity versus shear rate of the ternary-component Fig. 3 The viscosity-shear rate profiles of binary-component S/O suspensions at different temperatures systems (water cut, θ w = 10%-53% (v/v) and silica content, β s = 0.5%-5.5% (wt/v)) at 30 °C and shear rates of 5.1-1021.4 s −1 . The viscosity-shear rate pattern observed from this figure is similar to that observed from the binarycomponent systems. The viscosity of the ternary-component system increased as the silica content increased. In other words, the presence of silica particles increased the viscosity of the base W/O emulsion. Pal et al. (1992) reported similar observations from a clay-oil suspension with added water droplets. However, it should be noted that at low concentrations of silica (0.5%-2% (wt/v)) the increase in viscosity of the base W/O emulsion was not significant. Typically, at a water cut of 10% (v/v) (Fig. 7a) reasoned that the solids exist in the oil phase or the homogeneous W/O phase as a very dilute suspension and thus would not impose any significant effect. On the contrary, as the concentration of the solid silica increases, the rate of agglomeration would increase, and the more packed emulsion tends to become more sensitive to the solid particles. Hence, the viscosity increases. This is similar to the phenomenon, which causes an increase in the viscosity of water internal phase emulsion (water-in-oil emulsion) of crude oil. Moreover, from the present work, a generalized correlation to calculate the viscosity of both binary-component S/O suspensions and W/O emulsions and ternary-component (S/W/O) emulsions has been proposed. The empirical parameters as well as the statistical errors are presented in Tables 3 and 4. The analysis shows that the model accurately predicted the viscosity of the binary-component system and the ternary-component system within the limit of the conditions operated in this research. The agreement between the experimental and the predicted viscosities using the generalized correlation (Eq. 14) is presented in Fig. 8 .
Conclusion
Certain EOR methods for heavy oil, including thermal fluid flooding, may cause detachment of reservoir rock silica particles which may migrate into the produced oil or its emulsion. Several investigations have focused on the binarycomponent W/O emulsion; and rheological modelling of this type of emulsion has been presented in the literature. However, studies of the effect of solids such as silica on the rheology of crude oil emulsion are very scarce. Therefore, the effect of silica content on the viscosity of both binarycomponent and ternary-component emulsions was studied at different shear rates and temperatures. Ultimately, a generalized correlation has been proposed to predict the viscosity of the systems. It can be concluded that the binary-component silica-oil suspension (S/O) as well as ternary-component emulsion (S/W/O) behave as shear thinning non-Newtonian fluid at the concentration of silica nanoparticles used in this research. The viscosity of the W/O emulsion was increased when the silica content was above 2% (wt/v). However, no significant effect was noticed on the viscosity below this concentration. A generalized form of Arrhenius and power law function has been proposed in this study to predict the viscosity of both the binary-and ternary-component systems with an acceptable level of accuracy within the limit of the conditions operated in this study.
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